The first dianionic compound bearing a bond between two pentacoordinated tin atoms, a distannate, was synthesized in a stable form by using two sets of an electron-withdrawing C,O-bidentate ligand on each tin atom. The structure of the distannate was determined by NMR spectroscopy and X-ray crystallographic analysis. The Sn-Sn bond of the distannate was shown to be a single bond featuring high s-character. ) bonds found in most hexaorganodistannanes. This bond feature was also supported by computational studies. The Sn-Sn bond was cleaved by treatment with hydrochloric acid, which shows a different reactivity to the homonuclear bonds of pentacoordinated disilicates and digermanates.
Introduction
Homonuclear E-E bonds between heavier group 14 elements (E = silicon, germanium and tin), which are analogues of C-C bonds, have been extensively studied as the fundamental structural units of group 14 element compounds. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] For example, catenation of a Sn-Sn bond forms polystannanes, [12] [13] [14] [15] which have attracted much attention because of their potential application to semiconducting materials, 13 photoresist technology, 14 conductive films, 14 and third-order optical nonlinear materials. 12, 16 The Sn-Sn bonds found in some distannanes are cleaved by several reagents and oxidized by air. 7, 11, 17, 18 They can also be cleaved by transition metals via oxidative addition and transmetallation. 19 Additionally, Sn-Sn bond cleavage has also been applied to generate stannyl radicals due to their small bond dissociation energy (Δ(Sn-Sn) = 187 kJ mol −1 ). 20 Some Sn-Sn bonded compounds have found use as a source of stannyl radicals in organic synthesis. [21] [22] [23] [24] [25] The stability of a Sn-Sn bonded compound generally depends on the coordination number and charge of the tin atoms that form the bond. Thus, the Sn-Sn bonded compounds consisting of tin atoms with different coordination numbers and charges are expected to show divergent bond-cleavage reactivity. In contrast to general organotin compounds with a coordination number of four for the tin atom, there are mainly two types of organotin compounds with a coordination number of five for the tin atom. One is the neutral pentacoordinated organotin compounds featuring intramolecular coordination to the tin atom and the other is the anionic ate-type tin compounds. Actually, there have been some neutral compounds bearing a bond between two pentacoordinated tin atoms by taking advantage of intramolecular coordination. Following the first report of this type of compound, which used a pair of acetate bridging ligands, 26 some neutral distannanes 1 with two acyloxy ligands were investigated (Chart 1). [27] [28] [29] [30] [31] Alternatively, the formation of neutral pentacoordinated tin-tin bonds in compounds 2, 3, and 4 was achieved by intramolecular coordination of nitrogen atoms. [32] [33] [34] [35] Moreover, a few stannylenes formed a dimer through an interaction between tin atoms in the solid state and intramolecular PvO→Sn coordination made the tin atoms pentacoordinated. 36 We also investigated the properties of the tin-tin bond by using 119 Sn NMR spectroscopy and density functional theory (DFT) calculations.
Experimental

General procedures
Solvents were dried and purified before use by using an MBraun MB-SPS solvent purification system. The reaction was carried out under an argon atmosphere. All NMR spectra were recorded on a Bruker Ultrashield™ 300 spectrometer. The 1 H NMR (300 MHz) and 13 spectra were recorded using Freon-11 and tetramethylstannane as external standards, respectively. The melting point was recorded with a Yanaco MP-500D micro melting point apparatus and was uncorrected. Mass spectral data were obtained on Thermo Scientific Exactive (ESI) and JOEL JMS-700P (FAB) instruments. Elemental analysis was performed by the Microanalytical Laboratory of the Department of Chemistry, Faculty of Science, the University of Tokyo.
Synthesis of distannate 7
To a solution of fluorostannate 8 37 (0.86 g, 1.0 mmol) (dried at 182°C under reduced pressure before use) in THF (2 mL) was added a THF solution of lithium naphthalenide (0.47 M, 2.6 mL, 1.2 mmol) at −78°C under argon. The mixture was stirred for 3 hours, then warmed to room temperature and stirred for a further 14 hours. The reaction mixture was concentrated under reduced pressure and the resulting residue was washed with Et 2 O to give a grey solid. The solid was dissolved in THF, filtered through a bed of Celite® and concentrated under reduced pressure to give a colorless solid. The solid was recrystallized from THF/n-hexane to give the distanHz, 12F The crystal structure of 7 was determined by single-crystal X-ray diffraction analysis (Fig. 1) . The tin-containing moiety was found to be a dianion and was accompanied by two separated tetrabutylammonium ions. The dianion has two pentacoordinated tin atoms, which are bonded to each other, showing its identity as a distannate. Distannate 7 shows a trigonal bipyramidal geometry around each crystallographically equivalent tin atom with two oxygen atoms at the apical positions and another tin and two carbon atoms at the equatorial positions. In other words, the Sn-Sn bond forms an equatorial bond on each tin atom.
The Sn1-Sn1* bond length (2.7522(14) Å) is similar to that of Ph 3 Sn-SnPh 3 (2.770(4) Å) 45 and the sum of the covalent radii (2.78 Å) 46 and Sn-O2 apical bond lengths (2.166(9) and 2.162(9) Å) are longer than the sum of the Sn-O covalent radii (2.05 Å), 46 which is in accordance with the apical bonds of pentacoordinated species having a tendency of being long. Nevertheless, the apical Sn-O bond lengths are slightly longer than those of the tetrabutylammonium fluorostannate bearing the same bidentate ligands (2.101(6) and 2.110(6) Å). 37 The O1-Sn1-O2 ( 1 J (Sn-Sn) = 764 Hz). 47 The small coupling constant of (t-Bu)(i-Pr) 2 Sn-Sn(t-Bu)(i-Pr) 2 is due to the bulky ligands on the tin atoms, which decreases the s-character of the Sn-Sn bond. Thus, the large coupling constant 1 J (Sn-Sn) of 7 indicates high s-character of the Sn-Sn bond.
To investigate the molecular orbital and the bonding properties of the distannate, DFT calculations on the dianion were carried out using the Gaussian 09 program. The natural bond orbital analysis was performed using the NBO program. 53 The optimized structure of the dianion of 7
reproduced the dianion of the crystal structure (see the ESI †). The highest occupied molecular orbital (HOMO) was mainly contributed by the bonding σ orbital of the Sn-Sn bond and the lone pairs of the oxygen atoms (Fig. 2) . The lowest unoccupied molecular orbital (LUMO) was contributed not by the σ* orbital of the Sn-Sn bond, but mainly by the π* orbitals of the benzene rings. These molecular orbital features are almost the same as 5 and 6. 43 atoms. This is a result of the high polarizability of the tin atom in comparison to the silicon and the germanium atoms.
Mass spectroscopic analysis showed an ion peak of m/z 1448, assigned to the dianion part with a tetrabutylammonium ion of distannate 7, indicating its stability in the gas phase. Distannate 7 was also stable to air and moisture and could be handled without precautions. However, the reaction of 7 with 20 equivalents of 1 M aqueous hydrochloric acid caused its degradation. Analysis of the 1 H and 19 F NMR spectra ( Fig. S10 and S11 †) of the reaction mixture shows the formation of an intermediate, thought to be the mono-or diprotonated distannate. This intermediate was shown to have a 119 Sn NMR chemical shift at δ Sn −88.6 ppm (Fig. S12 †) , which is different from the literature value of chlorostannate (δ Sn −127.6 ppm). 37 Further reaction of this intermediate cleaved the Sn-Sn bond and gave clean conversion to chlorostannate 9 (Scheme 2). The reactivity of 7 is different from that of 5 and 6, both of which underwent protonation on oxygen atoms bonded to silicon and germanium atoms without homonuclear bond cleavage, upon treatment with hydrochloric acid. [41] [42] [43] This result shows that the Sn-Sn bond of the distannate is weaker than the Si-Si and Ge-Ge bonds of the disilicate and digermanate, respectively, under the same conditions.
Conclusions
In conclusion, we successfully synthesized the first example of a distannate, a dianionic compound bearing a bond between two pentacoordinated tin atoms, from the pentacoordinated fluorostannate. The Sn-Sn bond of the distannate was found to be of a similar length to common distannanes and was a single bond comprised of two sp 2 hybrid tin atoms. Computational analysis indicated that the negative charges of the distannate are localized over the bidentate ligands. The distannate was stable towards both air and moisture, but the Sn-Sn bond was cleaved by treatment with hydrochloric acid. The unique reactivity of the distannate can be pointed out as a distinct difference in the stability of the homonuclear bonds of pentacoordinated group 14 elements, compared with those of the Si-Si and Ge-Ge systems. Utilization of this unique bonding property and structure could lead to the development of a new material, which might supersede polystannanes.
